INTRODUCTION
A significant amount of radioactive material was released into the atmosphere and ocean after the accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP) on March 11, 2011, with atmospheric emissions commencing on March 12 and peaking during March 15-16 and 20-22 (TEPCO, 2012) . Anthropogenic sources such as nuclear-fuel reprocessing plants had already increased the 129 I level in the environment above its natural background ( 129 I/ 127 I = 1.5 ¥ 10 -12 ; e.g., Moran et al., 1999; Snyder et al., 2010; Toyama et al., 2013) . Environmental effects of radionuclides released by the accident have been assessed by the Japanese Government, various prefectural governments, some research institutes, and universities (e.g., MEXT, 2012; Hirose, 2012) . Total amounts of 129 I (half-life 1.57 ¥ 10 7 y) and 131 I (half-life 8.02 d) discharged into the atmosphere were estimated to be 8.1 GBq and 150-200 PBq (Chino et al., 2011; Kobayashi et al., 2013) , respectively. Radioactive iodine isotopes are of particular interest because of their potential health effects, and the estimation of quantities released from the FDNPP is important for impact assessment (Xu et al., 2013) . higher than the pre-accident level. After this spike, 129 I rapidly decreased and intermittently approached pre-accident levels. However, this source had not been investigated at Tsukuba. This work describes the impact of 129 I in rainwater supplied from the FDNPP accident and presents temporal variation of 129 I and ratio of 129 I/ 127 I in rainwater at Tsukuba based on measurements of 127 I and 129 I in rainwater. Using these measurements from before and after the FDNPP accident, we investigated a predictive model of long-term radionuclide concentrations in the atmosphere (Hatano et al., 1998; Ichige et al., 2013 Ichige et al., , 2015 to assess its applicability for monitoring long-lived 129 I.
MATERIALS AND METHODS

Sample collection
Total monthly deposition of rainwater has been measured since March 2009 on the roof of the Tandem Accelerator Complex building (36.11∞N, 140.10∞E), University of Tsukuba, located ~170 km southwest of the FDNPP, Japan. A funnel-and-bottle collection system was used, with a funnel diameter of 21 cm and a 5 L high-density polyethylene bottle, as described by Tosaki et al. (2012) . To avoid loss of iodine during storage, rainwater samples were filtered first through glass-fiber filters (Whatman GF/B), then stored with lids in a dark environment until preparation of chemical separation.
Analytical methods
Each rainwater sample was filtered through 0.45 mm membrane filters (Millipore JHWP04700). Iodine-129 analyses were performed as described by Matsunaka et al. (2015) and Muramatsu et al. (2008) , using an accelerator mass spectrometry (AMS) system (Matsuzaki et al., 2007) . Stable-iodine ( 127 I) concentrations were determined by inductively coupled plasma-mass spectrometry (ICP-MS; Agilent 8800). The 127 I detection limit was 0.03 ppb (estimated from the blank average plus 3s). AMS measurements usually involved 200-1000 ml of rainwater, to which were added 2 mg of stable 127 I carrier (NaI solution, Orion ionplus ® , 0.1000 ± 0.0005 M) with an 129 I/ 127 I ratio of (1.7-1.8) ¥ 10 -13 (Matsuzaki et al., 2007; Muramatsu et al., 2008) , and 0.5% Na 2 SO 3 solution (to reduce iodate to iodide). Iodide was oxidized to I 2 (by addition of 16 M HNO 3 and 5% NaNO 2 solution) for purification by extraction to CCl 4 . Solvent extraction and back extraction of iodine were carried out twice per sample. Extracted iodide was precipitated as AgI, which was washed with NH 4 OH and purified water (Milli-Q), dried at 110∞C, and loaded into an Al sample holder with Nb powder for AMS analysis at Micro Analysis Laboratory, Tandem accelerator, the University of Tokyo (MALT), Tokyo, Japan, with an instrumental blank . The technique was certified using a Purdue-2 standard reference material (Z94-0596) (Sharma et al., 1997; Caffee, personal communication, 2014) . Overall uncertainty was not more than 10%. The processed blank 129 I/ 127 I ratios, including the iodide carrier, were (1.8-4.0) ¥ 10 -13 . (Fig. 2b) , consistent with earlier studies (Aldahan et al., 2009; Xu et al., 2013 Xu et al., , 2016 , and with a narrower range than reported for Cl - (Tosaki et al., 2012) . Periodic changes in 127 I concentrations were insufficient to affect the 129 I/ 127 I ratio, indicating that variations in the ratio were due mainly to 129 I variations (Xu et al., 2013; Fig. 2c (Fig. 2d) , consistent with reported values (Toyama et al., 2013; Xu et al., 2016) . The highest 129 I concentration, (5.4 ± 0.8) ¥ 10 10 atoms L -1 , was observed in the March 2011 sample (Fig. 2d) , with a value approximately three orders of magnitude higher than the background level, and one order lower than the 129 I concentration reported in rainwater at Fukushima University (7.63 ¥ 10 11 atoms L -1 ; Xu et al., 2016) . At Tsukuba, the first measured peak of airborne 131 I activity was observed during March 15-16, and a second peak appeared during March 20-22 (Sanami et al., 2011; Doi et al., 2013) . During March 21-22 there was heavy deposition in the vicinity of Tsukuba (Hirose, 2012) . Temporal variations in atmospheric 131 I (Doi et al., 2013) and rainwater 129 I concentrations were similar (Fig. 2d ). Iodine was released from FDNPP in both gaseous (I 2 and CH 3 I) and particulate forms (e.g., Xu et al., 2015) , which are both scavenged by rainwater. However, due to several factors-the lower solubility of gaseous organic iodine in water, biological processes (Xu et al., 2013; Amachi et al., 2001) , and resuspension between surface soil and air-continued intermittent decreases occurred after an early abrupt decrease. The concentration of iodine in rainwater therefore reflects atmospheric levels, and after the March 2011 peak the 129 I concentration decreased with time, reaching background levels after ~400 d. (Toyama et al., 2013) .
RESULTS AND DISCUSSION
Concentrations of 127 I and 129 I in rainwater
Depositions
127 I and 129 I depositions tended to depend on the monthly amount of rainfall.
Modeling atmospheric concentrations
For individual terms, temporal variations in radioactivity were analyzed through single exponential fits for each term (Igarashi et al., 2015; Xu et al., 2016) . Although long-term temporal variations in radioactivity are important to estimate, the lack of sufficient actual values requires use of the double exponential function to make this assessment. There are theoretical models that can predict long-term radionuclide concentrations in the atmosphere Doi et. al., (2013 ), decay collected at 14:46:00 March 11, 2011 (Ichige et al., 2013) to 129 I measurements in rainwater at Tsukuba (this work) and Fukushima City (Xu et al., 2016 3.2 ± 3.0 1.4 ± 0.6 0.0053 ± 0.0130 0.9934 (Ichige et al., 2013; Ichige et al., 2015) . Modeled atmospheric concentrations of a specific radionuclide decrease with time according to the formula
where C(t) is the radionuclide concentration at a fixed location and t represents the number of days since the accident. A, B, a, b are constants determined by fitting of the actual data. The value of A should be proportional to the deposited amount of radionuclides at the site. The power index -a is determined from the magnitude of temporal autocorrelations of wind velocity. The term (Bexp(-bt) -l decay t) reflects the time-dependent removal of aerosols. Bexp (-bt) indicates that the removal process itself depends on t. The significance of Bexp (-bt) is that it reproduces the rapid decrease of the concentration at a very early stage after the accident. If t = 0, Bexp(-bt) is equal to B. As t grows, the magnitude of Bexp(-bt) decreases rapidly. When t reaches 1/b, Bexp(-bt) can be considered as negligible. In this way, Bexp(-bt) corresponds to a transient state. The term of l decay is the decay constant of the radionuclide. In the case of 129 I concentration dissolved in rainwater from atmosphere, we estimated the parameters A, B, b and a in Eq. (1). We added an 129 I background value that was already incorporated into the natural system by artificial processes: 1.1 ¥ 10 8 atoms L -1 at Tsukuba and 1.2 ¥ 10 8 atoms L -1 at Fukushima City (Xu et al., 2013) . We then applied the nonlinear least-squares method so that the dotted curve (Fig. 3) passes through ~60% of the error bars ( Table 2 ). The value of the radioactive decay constant l was taken from Firestone and Shirley (1996) . As shown in Fig. 3 , experimental results were in good agreement with the estimated values that had been obtained by theoretical calculation. Table 2 gives Table 1 . Greater rainfall was associated with a more rapid decrease in atmospheric aerosol abundance. The values of a were 1.3 (Tsukuba) and 1.4 (Fukushima City). These results agree with the model a = 4/3 in Chernobyl (Hatano and Hatano, 1997) . These similar values of a arise because the value a = 4/3 was derived based on the turbulence theory of the atmosphere, that is resuspension factor and related to aerosol migration with the vanishing mean migration velocity, and the stationary vertical distribution (e.g., Obukhov, 1951; Corrsin, 1951; Garger, 1994) . Finally, it took approximately the same period between measurement and theoretical values, ~400 d at Tsukuba and ~1000 d at Fukushima City, as shown in Fig.  3 , to return to the background level before the accident. Tsukuba is further than Fukushima City from FDNPP, and the initial amount of 129 I released from the reactor in Tsukuba was less than that of in Fukushima. Consequently, the period required for its return to the background level of 129 I at Tsukuba was shorter than at Fukushima City. It took approximately 1 y for rainwater 129 I concentrations to return to pre-accident background levels at Tsukuba, with a rapid decrease in the first 50 d after the accident. Good agreement was obtained between measured and modeled results, indicating that the rapid-decrease time is associated with rainfall amounts.
CONCLUSIONS
